With the compact circuit layout and small size, hydraulic manifolds sometimes cause high pressure loss. The purpose of this paper is to investigate the pressure loss under different circumstances with various geometry features and present solutions to reduce pressure loss. The pressure loss performance is evaluated by both experimental and numerical methods. Verified by the experiments, the numerical simulations are qualified to depict the correct trend of the pressure drop. After the basic analysis of traditional passages, three novel forms are proposed, which are very hard to be manufactured by a common method. Furthermore, the geometrical features are selected optimally by means of full factorial experiments to balance the pressure loss and space requirement. Moreover, taking advantage of 3D printing, it is possible to build the passages in novel forms which are beyond the capacity of conventional manufacturing. Results show that the pressure loss can be reduced considerably by adopting a smooth transition, where the reduction can reach up to 50%.
Introduction
Hydraulic manifolds, which house tortuous circuit layouts and are usually adopted in mobile machinery like mobile robots and civil machinery [1] [2] [3] [4] , can introduce high pressure loss. This is because the priority of minimizing mass and size outweighs the importance of reducing pressure loss. Whereas, the pressure loss affects the efficiency of the whole system. In fact, the energy efficiency of some hydraulic systems is only~22% [5, 6] . More critically, mobile hydraulic systems typically have an overall efficiency of approximately 14% [7] . Nowadays, energy efficiency is becoming a key topic, arousing wide discussion among researchers and industry. Many investigations have been carried out to achieve the energy-saving design of hydraulic systems [8] [9] [10] [11] [12] [13] [14] . It is true that the main source of energy loss lies in valves, but the manifold with complex passages also accounts much for pressure drop [15] and the reduction of pressure loss in manifolds is also promising.
This problem of pressure loss in manifolds and relative scientific works are mainly found in the fluid machinery and hydraulic field. Early in the 1960s, the coefficients of local resistance and frictional loss in the piping system with distinct bend types were measured, and the empirical formulations were formed to estimate the pressure loss [16, 17] . Even the wide deviations of loss coefficients are observed in various investigations, it gives us a hint that the abrupt change of flow direction can cause much energy consuming in a manifold [18] . Some experimental and theoretical analyses were given for turbulent flow in a bent pipe [19, 20] . Usually, a single passage is a simple but useful object when analyzing a manifold. Zhang et al. optimized the duct nets in the hydraulic manifold using computational fluid dynamic (CFD) tools [21] . The separate flow perplexing eddies near the right angle intersection region is the key to energy loss, which is the bottleneck in the optimal design of the manifold. Geometry feature that destroys flow structures and causes fluid separation should be avoided. Moreover, the distance and orientation of the second elbow compared to the first one have a greater impact on the loss of energy. Furthermore, Song et al. studied the combination of bends in U-shape and S-shape [22] . The results show that the disturbance between two serial bends is weak if the distance is larger than five times diameter, and loss coefficient is no longer constant with the spanning angle ranging from 120
• to 140 • . They testify the results applying the CFD analysis to a hydraulic manifold. Moreover, CFD is an effective tool and can be used to study the pressure drop along the passage with multiple elbows [23, 24] . Whereas, the researches mentioned above circumscribe the optimization in traditional manufacturing methods. To reduce pressure loss in manifolds, some possible solutions have been proposed. Actually, the casted channel was recommended to eliminate the sharp intersection in a manifold [21] , but the minimum keyhole feature limits the wide application in the hydraulic manifold, and casting is not suitable for small-scale production. However, the situation has changed much since the emergence of 3D printing, which is also called additive manufacturing (AM) [25] [26] [27] [28] . It provides unprecedented freedoms of design and makes it easy to realize complex and hollow shape forming. In the early stages, rapid casting (RC) was used to cast components with an intricate cavity which are either too expensive or impossible to be machined by conventional methods [29, 30] . With the advancement of 3D printing, it has evolved into rapid manufacturing (RM), which can produce the functional part directly. Renishaw leverages the AM's ability to build passageways in a hydraulic manifold, with a mass reduction up to 79% and flow efficiency improvement up to 60% according to Renishaw Ltd [31] . Cooper et al. redesigned a manifold using direct metal laser sintering (DMLS) technology, which eliminates the rectangle bends in passages [32] . The experimental test shows that the flow velocity increases by 150% at 20 MPa working pressure while weight is reduced. They prove the feasibility of 3D printing in manifolds, but energy efficiency was merely mentioned. Schmelzle et al. printed a 17-piece assembly as a single component using the powder bed fusion (PBF) technology [33] . They extracted the pipe net instead of drilling holes in the metal block. The final part is 60% lighter than the original one, but little fluid performance is addressed.
In order to obtain the manifolds causing less pressure drop, the novel design is presented. The single passages in manifolds are investigated first and then, three types of novel feature are proposed. The newly designed manifold is printed by a specific 3D printing technology and pressure test is carried out to testify the design concept. Also, some basic design rules that are applicable in AMed manifolds are given in this paper.
The remainder of this paper is organized as follows. In Section 2, typical passages in traditional manifolds are introduced, and some basic research is also performed. Section 3 gives detailed information about the simulation and experiment. Based on that, the detailed results are analyzed in Section 4. Further, the optimization and experimental validation are given in Section 5. Eventually, this paper is concluded in Section 6. The 90° sharp elbow (I) is the most common type in a manifold, which is formed by two in-plane holes drilled on the adjacent faces. It has two holes in the same diameters creating sharp 90 • corners. According to the amount of length that one hole has over another, Type I has a L-shaped, T-shaped, and X-shaped connection that is coded in I-L, I-T, and I-X respectively. Besides, the flow direction has effects on the pressure drop [34] , so T-shaped connections will have another form when the flow direction is reversed, which is labeled using I-Ti.
Expansion/contraction (II) exists when two channels have different diameters. With a diameter of ports in either valves or measurement gauges fixed, the size of holes in a manifold is determined. If fluid enters the manifold in a smaller port and exits from a larger port, this case can be grouped as expansion. If the fluid flow from larger to smaller port, it can be grouped as contraction. Besides, the relative diameter of two holes is a determining factor that affects the flow patterns, so the diameter ratio δ 1 is given to distinguish the geometry features. Here, passages with four different diameter ratios (δ 1 = 1, 1.2, 1.5, 2) are investigated and are marked like II-δ 1 C/E, where C means contraction and E means expansion.
It is challenging to choose proper flow paths to avoid the interference where enough clearance should be guaranteed while the volume of the manifold should be kept as small as possible. Under this circumstance, the offset intersection (III) is often a good choice. Offset distance Δ means how far there two holes are and relative offset distance δ 2 is adopted to label the channel. In this research, we investigate four δ 2 values-0, 0.2, 0.4, and 0.6-and they are denoted as III-δ 2 .
Considering the three types mentioned above, a sample containing nine single channels whose outlet diameters are 6 mm, is designed to investigate the pressure drop, as illustrated in Figure 2 . To ensure the accurate measurement of the pressure, the fully developed fluid is required at the inlet and the outlet. The fluid entry length before entering the bend is more than ten times over internal diameter [35, 36] . Also, two pressure transducers are double diameter away from the inlet and outlet. The pressure loss is obtained by calculating Pinlet − Poutlet. The 90 • sharp elbow (I) is the most common type in a manifold, which is formed by two in-plane holes drilled on the adjacent faces. It has two holes in the same diameters creating sharp 90 • corners. According to the amount of length that one hole has over another, Type I has a L-shaped, T-shaped, and X-shaped connection that is coded in I-L, I-T, and I-X respectively. Besides, the flow direction has effects on the pressure drop [34] , so T-shaped connections will have another form when the flow direction is reversed, which is labeled using I-Ti.
It is challenging to choose proper flow paths to avoid the interference where enough clearance should be guaranteed while the volume of the manifold should be kept as small as possible. Under this circumstance, the offset intersection (III) is often a good choice. Offset distance ∆ means how far there two holes are and relative offset distance δ 2 is adopted to label the channel. In this research, we investigate four δ 2 values-0, 0.2, 0.4, and 0.6-and they are denoted as III-δ 2 .
Considering the three types mentioned above, a sample containing nine single channels whose outlet diameters are 6 mm, is designed to investigate the pressure drop, as illustrated in Figure 2 . To ensure the accurate measurement of the pressure, the fully developed fluid is required at the inlet and the outlet. The fluid entry length before entering the bend is more than ten times over internal diameter [35, 36] . Also, two pressure transducers are double diameter away from the inlet and outlet. The pressure loss is obtained by calculating P inlet − P outlet . 
Simulation and Experiment Details

CFD Simulation Settings
CFD is a useful tool validating the ideas and can provide valuable references in the design process, and Fluent, a commercial CFD software, is adopted in this research. Before continuing, some basic assumptions should be made:
1. The fluid properties of the working fluid keep unchanged and no phase changes happen in the passage. 2. Physical properties such as density and viscosity of the working fluid are evenly distributed and isotropic. 3. This simulation is not a solid-liquid coupling analysis system and the interaction forces are negligible. 4. The entire system under consideration is isothermal. 5. The flow is assumed to be incompressible.
In this research, the ISO VG 46 mineral oil has been used as the working fluid, whose density is 860 kg/m 3 and dynamic viscosity is 0.03956 Pa·s at an ambient temperature about 40 °C. The flow rate of the inlet varies in the range of 5 to 25 L/min. At the outlet, the boundary condition is set as pressureout. Although the Reynolds number (400-1956) in this paper is smaller than the critical one, the turbulent model is still suitable because of the acute change of fluid in the bend. The RNG k-ε model is chosen and the discretized equations are solved by the SIMPLE algorithm. In spatial discretization, the second-order schema is applied for momentum, the first-order upwind schema for momentum, and second-order upwind schema for both turbulent kinetic energy and turbulent dissipation rate. The under-relaxation parameters are set to 0.3 for pressure, 1 for density and body forces, 0.7 for the momentum terms, 0.8 for both turbulent kinetic energy and turbulent dissipation rate, and 1 for turbulent viscosity. Additional boundary conditions are also important to the simulation [36] . Usually, the turbulent kinetic energy k and the turbulent energy dissipation ε are obtained from experimental data or empirical formulas. For fully developed fluid, k and ε can be calculated by giving turbulent intensity and hydraulic diameter. The turbulent intensity is calculated using Equation (1) . Substituting ReDH with the Reynolds number above, the result ranges from 6.2% to 7.5% and 6.5% is set in the simulation. The hydraulic diameter is the same as the diameter of the inlet port for pipes.
Mesh sensitivity analysis is performed to ensure that the result is independent of the number of nodes, and it is a necessary trade-off between the accuracy and computational costs. Near the passage 
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1.
The fluid properties of the working fluid keep unchanged and no phase changes happen in the passage.
2.
Physical properties such as density and viscosity of the working fluid are evenly distributed and isotropic.
3.
This simulation is not a solid-liquid coupling analysis system and the interaction forces are negligible. 4.
The entire system under consideration is isothermal.
5.
The flow is assumed to be incompressible.
In this research, the ISO VG 46 mineral oil has been used as the working fluid, whose density is 860 kg/m 3 and dynamic viscosity is 0.03956 Pa·s at an ambient temperature about 40 • C. The flow rate of the inlet varies in the range of 5 to 25 L/min. At the outlet, the boundary condition is set as pressure-out. Although the Reynolds number (400-1956) in this paper is smaller than the critical one, the turbulent model is still suitable because of the acute change of fluid in the bend. The RNG k-ε model is chosen and the discretized equations are solved by the SIMPLE algorithm. In spatial discretization, the second-order schema is applied for momentum, the first-order upwind schema for momentum, and second-order upwind schema for both turbulent kinetic energy and turbulent dissipation rate. The under-relaxation parameters are set to 0.3 for pressure, 1 for density and body forces, 0.7 for the momentum terms, 0.8 for both turbulent kinetic energy and turbulent dissipation rate, and 1 for turbulent viscosity. Additional boundary conditions are also important to the simulation [36] . Usually, the turbulent kinetic energy k and the turbulent energy dissipation ε are obtained from experimental data or empirical formulas. For fully developed fluid, k and ε can be calculated by giving turbulent intensity and hydraulic diameter. The turbulent intensity is calculated using Equation (1) . Substituting Re DH with the Reynolds number above, the result ranges from 6.2% to 7.5% and 6.5% is set in the simulation. The hydraulic diameter is the same as the diameter of the inlet port for pipes.
Mesh sensitivity analysis is performed to ensure that the result is independent of the number of nodes, and it is a necessary trade-off between the accuracy and computational costs. Near the passage Energies 2019, 12, 2462 5 of 21 wall, the fluid states are quite complex and the element size should be fine enough to make sure that nodes can contain the information of the viscous sublayer accurately. Therefore, the standard wall function is applied to the passage wall which is specified as stationary and no-slip. Mesh ratio [15] the maximum element size divided by the minimum channel diameter, increases from 0.05 to 0.2and the corresponding result are presented in Figure 3 . When the mesh ratio decreases, the number of nodes increases from 25,317 to 480,524. As illustrated in the figure, the improvement in pressure drop caused by finer mesh is weakened gradually and the fitting curve also gives the same trend, so 0.07 is finally employed. Besides, the detailed information about the nodes in the different simulation case is given in Appendix A.
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Test Rig
To verify the reliability of CFD, simulation results are compared to the data measured from the sample manifold. The schema of the test rig is illustrated in Figure 4 and Figure 5 . The main parts are described below.
1. The power unit integrating a fixed displacement pump and a 5.5 kW electric motor. 2. The safety device, mainly the relief valves. Relief valve 7 has the highest pressure to ensure the testing pressure in the safety range. 3. The manifold and measuring gauges. The manifold is fixed on the test bed and is connected to the P and T ports. The measuring instruments are two pressure transducers 4 and 5 and a flow meter 6, and the data are recorded and processed using a computer. The data acquisition devices along with corresponding characteristics are given in Table 1 .
To take accurate measurements as much as possible, the fluid should travel some distance to develop fully before entering the manifold [35] . Discussed by Zardin et al. [15] , the distance between connectors should be kept over 13d, where d is the inner diameter of the channel. At this distance, the fluid will be developed fully and won't be disturbed by each other. The final results are obtained by feeding flow rate at 25 L/min. 
To verify the reliability of CFD, simulation results are compared to the data measured from the sample manifold. The schema of the test rig is illustrated in Figures 4 and 5. The main parts are described below.
1.
The power unit integrating a fixed displacement pump and a 5.5 kW electric motor.
2.
The safety device, mainly the relief valves. Relief valve 7 has the highest pressure to ensure the testing pressure in the safety range.
3.
The manifold and measuring gauges. The manifold is fixed on the test bed and is connected to the P and T ports. The measuring instruments are two pressure transducers 4 and 5 and a flow meter 6, and the data are recorded and processed using a computer. The data acquisition devices along with corresponding characteristics are given in Table 1 .
Results and Discussion
Thirteen data points are recorded in Figure 6 from both simulation and experiment. It is obvious that type III has a much larger pressure drop compared to the others whether in the simulation or experiment, and this may ascribe to the acute disturbance in the offset intersection region. By contrast, II-1.5E and II-2E have a lower pressure drop and different flow direction, which leads to much difference when comparing contraction with expansion in type II. The largest difference can reach up to about 1.3 bar in III-0.6, leaving a gap about 20% between two methods. This may attribute to the two main reasons: 
Thirteen data points are recorded in Figure 6 from both simulation and experiment. It is obvious that type III has a much larger pressure drop compared to the others whether in the simulation or experiment, and this may ascribe to the acute disturbance in the offset intersection region. By contrast, II-1.5E and II-2E have a lower pressure drop and different flow direction, which leads to much difference when comparing contraction with expansion in type II. The largest difference can reach up to about 1.3 bar in III-0.6, leaving a gap about 20% between two methods. This may attribute to the two main reasons:
1.
Seen in Figure 2 , we set the ports for pressure transducers near to inlet or outlet as much as possible, but the real length is shorter than that in simulation.
2.
Auxiliary holes drilled for sensors are not in the same length, and the longer holes in inlet may cause the gap between simulation and experiment. However, the trends of the pressure drop correspond well to each other, so the simulation model is good enough to carry out further researches.
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However, the trends of the pressure drop correspond well to each other, so the simulation model is good enough to carry out further researches. 
90° Sharp Elbow (I)
Pressure and velocity information was extracted, and Figure 7 shows the pressure distribution on the symmetry plane as well as the velocity vector in the local region. Extracted along the central axis as marked in dash line in Figure 7a , 2000 points containing pressure and velocity information are depicted in Figure 8 . Generally speaking, the pressure drop in a passage consists of two parts, namely local pressure loss and frictional loss along the channel walls.
Along the inlet pipe, the pressure goes down slowly which can be seen both in cloud map and data chart, and this is the effect of friction along the wall. However, at the same time, the gradually stabilized velocity curve means the fluid develops fully before entering the bend. Because of an abrupt stop at the bend and inertia of the fluid, the fluid is jetted on the wall downstream, which, thus, causes a high-pressure region near the wall. At this region, the pressure and velocity change sharply and can be read in Figure 8 . The velocity curve has high and low peak values, this is because the central axis crosses the mainstream that has nonuniform velocity distribution on the cross section after leaving the bend, which is also called the secondary flow [37] [38] [39] . After discharging, the velocity increases gradually and stops at a stable value, also the pressure distribution along the outlet become uniform after leaving the bend. This means the fluid goes back to normal.
The pressure drops ΔP1 in the Table 2 is the difference between face-averaged pressure on the inlet and outlet. It shows that I-X has the highest pressure drop while the I-L has the lowest pressure drop. This can be ascribed to two reasons: (1) the vortex formed in the cavity causes energy consuming and (2) the accelerated fluid downstream increases the frictional loss. 
90 • Sharp Elbow (I)
The pressure drops ∆P 1 in the Table 2 is the difference between face-averaged pressure on the inlet and outlet. It shows that I-X has the highest pressure drop while the I-L has the lowest pressure drop. This can be ascribed to two reasons: (1) the vortex formed in the cavity causes energy consuming and (2) the accelerated fluid downstream increases the frictional loss. The detailed view of the velocity vector in elbows denotes the occurrence of local circulation. Compared with I-T and I-X, the I-L has no cavity formed by excessive length, so there is no space for vortex development. In I-T and I-X, the cavity is filled with vortexes that caused by the tangential velocity of the fluid. Using velocity and pressure information on the points, Figure 8 shows the pressure difference marked in the black square. This can be ascribed to the energy consumption of the vortex in the bend.
Overall, the pressure loss in channels with the sharp bend is quite large and a more smooth transition is needed to reduce the pressure decline.
Contraction/Expansion (II)
Compared with in-plane bends, the intersection with two different diameters shows quite different fluid patterns. The contraction and expansion channels are in the T form, so I-T whose δ 1 equals 1 is chosen as the reference. The pressure drop in Table 3 decrease when δ 1 increase from 1 to 2 in the bidirectional flow. This means the larger δ 1 , the smaller pressure drop is under a fixed flow rate. From Figure 9 , the evenly distributed pressure and velocity are observed in the passage with a larger diameter under both contraction and expansion conditions. The evenly distributed velocity and pressure are related to a relatively stable fluid state in the bend region. Also, the peak value of velocity is not so high, this is because a larger diameter makes a large space for the fluid and can absorb much turbulence.
Comparing Figure 9a with Figure 7b , there is no vortex and the secondary flow is quite weak downstream. Different from jetting on the wall downstream, the fluid is squeezed from a high-pressure chamber to the outlet. In Figure 9b , even the vortexes exist in cavity and downstream, it locates in the low-pressure region which may be free from much energy dissipation. Thereafter, the pressure drop is reduced due to the reduction of the velocity and the vortex region is much smaller compared to the I-T. Thereafter, the pressure drop is reduced due to the reduction of the velocity and the vortex region is much smaller compared to the reference one.
From Figure 10 , the effect that velocity has on the friction loss is obvious. Different values of δ 1 cause different inlet velocity at the same flow rate under expansion or contraction condition. In the contraction, the pressure drop before entering the bend is proportional to the velocity, but the pressure under three flow rate is quite the same after leaving bend. However, the expanded one gives a different result. A constant deviation along the inlet port is observed. The deviation a and b is stable before the bend, while downstream pressure loss a' and b' has the same trend observed in the inlet pipe in contraction. This means that the velocity accounts much fot friction loss while bend takes effect locally. However, the negative pressure region can be seen in figure and chart, so the value of δ 2 should be chosen carefully.
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The detailed view of the velocity vector in elbows denotes the occurrence of local circulation. Compared with I-T and I-X, the I-L has no cavity formed by excessive length, so there is no space for vortex development. In I-T and I-X, the cavity is filled with vortexes that caused by the tangential velocity of the fluid. Using velocity and pressure information on the points, Figure 8 shows the pressure difference marked in the black square. This can be ascribed to the energy consumption of the vortex in the bend.
Compared with in-plane bends, the intersection with two different diameters shows quite different fluid patterns. The contraction and expansion channels are in the T form, so I-T whose δ1 equals 1 is chosen as the reference. The pressure drop in Table 3 decrease when δ1 increase from 1 to 2 in the bidirectional flow. This means the larger δ1, the smaller pressure drop is under a fixed flow rate. From Figure 9 , the evenly distributed pressure and velocity are observed in the passage with a larger diameter under both contraction and expansion conditions. The evenly distributed velocity and pressure are related to a relatively stable fluid state in the bend region. Also, the peak value of velocity is not so high, this is because a larger diameter makes a large space for the fluid and can absorb much turbulence.
Comparing Figure 9a with Figure 7b , there is no vortex and the secondary flow is quite weak downstream. Different from jetting on the wall downstream, the fluid is squeezed from a highpressure chamber to the outlet. In Figure 9b , even the vortexes exist in cavity and downstream, it locates in the low-pressure region which may be free from much energy dissipation. Thereafter, the pressure drop is reduced due to the reduction of the velocity and the vortex region is much smaller compared to the I-T. Thereafter, the pressure drop is reduced due to the reduction of the velocity and the vortex region is much smaller compared to the reference one.
From Figure 10 , the effect that velocity has on the friction loss is obvious. Different values of δ1 cause different inlet velocity at the same flow rate under expansion or contraction condition. In the contraction, the pressure drop before entering the bend is proportional to the velocity, but the pressure under three flow rate is quite the same after leaving bend. However, the expanded one gives a different result. A constant deviation along the inlet port is observed. The deviation a and b is stable before the bend, while downstream pressure loss a' and b' has the same trend observed in the inlet pipe in contraction. This means that the velocity accounts much fot friction loss while bend takes effect locally. However, the negative pressure region can be seen in figure and chart, so the value of δ2 should be chosen carefully. 
Offset Intersection (III)
Type III has X-shaped intersection form but with offset, so the pressure drop in the I-X is given as the reference where δ 2 equals 0. Table 4 shows that the pressure drop increases when offset distance ranges from 0 to 3.6 mm.
Shown in Figure 11 , the maximum velocity is larger than any other channels, this is because the effective flow area is reduced with δ 2 increasing. As a result, the velocity of the fluid through the bend is prompted under a constant flow rate, which will cause large frictional loss downstream as discussed above. Besides the increase of the velocity, the distribution downstream differs much compared to other channels. We can discern the rotation movement of the fluid through the mainstream region denoted in the circular cloud map along the outlet pipe. In Figure 12 , the vortex is formed downstream, but this only causes small difference which can be read in Figure 11 . For offset intersection, the pressure loss deviation is mainly the result of the abrupt change of the flow area in the bend. Under this circumstance, the stable flow area around the bend may contribute to a smaller pressure drop. 
Structure Optimization and Validation
As discussed above, the abrupt change of the flow direction causes much local pressure loss and frictional loss near the corners, so eliminating the sharp transition is an effective way to reduce local pressure drop. 
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Structure Optimization and Validation
As discussed above, the abrupt change of the flow direction causes much local pressure loss and frictional loss near the corners, so eliminating the sharp transition is an effective way to reduce local pressure drop.
Design of Novel Passages
Shown in Figure 13 , the sharp intersection is replaced with a smooth arc transition, and this is realized by adding round corners to passages. In order to provide general understandings and give some basic rules, dimensionless feature sizes were adopted. The newly designed passage is labeled as C-r i /r o , where r i or r o is the feature size of the inner or outer corners, respectively. Actually, the feature size can be very large without any limitation, so some other factors should be taken into consideration. As illustrated in Figure 13 , the area of bend region that is highlighted in a red rectangle and the bend volume are selected as additional indicators. They are denoted as S C /S L /S X and V C /V L /V X respectively, where C, L, or X presents a specific channel. Similarly, ∆P CL and ∆P CX are the pressure drops between two channels. Though the complexity of space allocation in a manifold is beyond two factors, these two may provide some useful information when designing a manifold hopefully. Noteworthy, r i and r o change independently, and this means it is supposed to select the optimal diameters for inner and outer corners in C-r i /r o .
Energies 2019, 12, x 12 of 21 Shown in Figure 13 , the sharp intersection is replaced with a smooth arc transition, and this is realized by adding round corners to passages. In order to provide general understandings and give some basic rules, dimensionless feature sizes were adopted. The newly designed passage is labeled as C-ri/ro, where ri or ro is the feature size of the inner or outer corners, respectively. Actually, the feature size can be very large without any limitation, so some other factors should be taken into consideration. As illustrated in Figure 13 , the area of bend region that is highlighted in a red rectangle and the bend volume are selected as additional indicators. They are denoted as SC/SL/SX and VC/VL/VX respectively, where C, L, or X presents a specific channel. Similarly, ΔPCL and ΔPCX are the pressure drops between two channels. Though the complexity of space allocation in a manifold is beyond two factors, these two may provide some useful information when designing a manifold hopefully. Noteworthy, ri and ro change independently, and this means it is supposed to select the optimal diameters for inner and outer corners in C-ri/ro. It is obvious that the novel passage degrades into L-shaped channel when ri or ro equals zero, but for convenience in analyzing, the pressure drops in I-L and I-X are both provided as references. The radii ri and ro were selected from {1.2, 2.4, 3.6, 4.8, 6} and the full factorial design was performed. The simulation was performed under the flow rate of 15 L/min and results are listed in Table 5 . The ratio between pressure reduction and bend area or bend volume is calculated to measure the space cost using a novel design. Compared to conventional channels, the newly designed ones occupy much more space in most cases. Generally, the spaces requirement increases along with the growth of inner and outer corner dimensions. Table 5 . Results of full factorial design for C-ri/ro. It is obvious that the novel passage degrades into L-shaped channel when r i or r o equals zero, but for convenience in analyzing, the pressure drops in I-L and I-X are both provided as references. The radii r i and r o were selected from {1.2, 2.4, 3.6, 4.8, 6} and the full factorial design was performed. The simulation was performed under the flow rate of 15 L/min and results are listed in Table 5 . The ratio between pressure reduction and bend area or bend volume is calculated to measure the space cost using a novel design. Compared to conventional channels, the newly designed ones occupy much more space in most cases. Generally, the spaces requirement increases along with the growth of inner and outer corner dimensions. In Figure 14 , enhancement, defined by dividing pressure drop ∆P L and ∆P X in L-and X-shaped channels by ∆P C for novel channels, is larger than 1. This means the new design can reduce pressure drop in all cases. By contrast to conventional channels, the pressure reduction can reach up to 0.25 bar, which means the energy efficiency can be raised by~10%. However, the improvement taking bend region and bend volume into consideration is not very satisfying. As indicated in Figure 15 , the reduction of pressure drop over the bend region and channel volume is reduced. The downward tendency does not mean there is no improvement, but the 'margin effect' that efficiency enhancement/space requirement is reduced and the space requirement is becoming more important when adopting arc transition. Besides, there is always a gap between L-and X-related points. That can be explained by the fact that with the almost same pressure drop in two channels, a larger area and volume of bend in X-shaped channel limits the performance.
Channel Type
Further, we expanded the range of r i or r o to [0,18], and the similar results are observed but with sharper reduction for efficiency enhancement/space requirement as given in Figure 16 . When r i approaches 12, improvements are reduced to a lower level compared to other results. This means that choosing a larger feature size will not raise 'margin effect'. Also, some peak values are observed in Figures 16 and 17 . The occurrence of peak value is consistent with C-*/18, which may be attributed to the reduced effective flow area. With the inner corner fixed, the larger feature size of the outer corner, the smaller effective flow area becomes, thus leads to the pressure drop increases. So, the moderate effective flow area should be guaranteed when using a smooth transition.
Based on the analysis above, the final design was C-6/9. With this parameter pair, a smoother flow area than conventional ones and a better improvement over bend region and channel volume can be obtained. In Figure 14 , enhancement, defined by dividing pressure drop ΔPL and ΔPX in L-and X-shaped channels by ΔPC for novel channels, is larger than 1. This means the new design can reduce pressure drop in all cases. By contrast to conventional channels, the pressure reduction can reach up to 0.25 bar, which means the energy efficiency can be raised by ~10%. However, the improvement taking bend region and bend volume into consideration is not very satisfying. As indicated in Figure 15 , the reduction of pressure drop over the bend region and channel volume is reduced. The downward tendency does not mean there is no improvement, but the 'margin effect' that efficiency enhancement/space requirement is reduced and the space requirement is becoming more important when adopting arc transition. Besides, there is always a gap between L-and X-related points. That can be explained by the fact that with the almost same pressure drop in two channels, a larger area and volume of bend in X-shaped channel limits the performance.
Further, we expanded the range of ri or ro to [0,18], and the similar results are observed but with sharper reduction for efficiency enhancement/space requirement as given in Figure 16 . When ri approaches 12, improvements are reduced to a lower level compared to other results. This means that choosing a larger feature size will not raise 'margin effect'. Also, some peak values are observed in Figure 16 and Figure 17 . The occurrence of peak value is consistent with C-*/18, which may be attributed to the reduced effective flow area. With the inner corner fixed, the larger feature size of the outer corner, the smaller effective flow area becomes, thus leads to the pressure drop increases. So, the moderate effective flow area should be guaranteed when using a smooth transition.
Based on the analysis above, the final design was C-6/9. With this parameter pair, a smoother flow area than conventional ones and a better improvement over bend region and channel volume can be obtained. Figure 14 . Improvement for C-ri/ro compared to I-X and I-L (0.2 ≤r ≤1). Figure 14 . Improvement for C-r i /r o compared to I-X and I-L (0.2 ≤r ≤1). For the passage II, the loft feature can be applied to three local regions as shown in Figure 18 , and is denoted as Lo-i, -ii, and -iii. If we design a lofted passage, there are eight choices but without knowing the exact performance. So a design containing three factors was designed, and the simulation environment was the same as that in type I. Similarly, the pressure drop under expansion and contraction condition was recorded. The result marked in red in Table 6 is defined without loft in any region, and this design degrades to the original one II-2. So, it is a part of the design but also provides a reference to others in type II. Under the expansion, the seventh datum shows a negative pressure value, which means there may be cavitation. This is because the fluid at a constant flow rate is fully developed before entering the bend, and it has to expand to fill the space caused by the geometry changes. Under this circumstance, the negative pressure region comes into existence.
Some useful information can be obtained in Table 6 , but it cannot produce a recommendation. Therefore, the main effect plot, denoting how the feature affects the pressure drop under expansion and contraction condition, was carried out, and the main factor plot is presented in Figure 19 . The column of the plot corresponds to regions i, ii, and iii, and is accompanied by the row that is the mean value of pressure drop. The upward line means the factor contributes positively to the increase of the pressure drop. Generally speaking, the steeper the slope of the line, the greater the magnitude of the main effect. It is obvious that the loft feature in region i and ii is beneficial to reduce pressure drop, and the loft applied in region i has the most obvious effect on the pressure drop, while that loft in region iii has a negative influence. It is also important that whether in expansion or contraction, these three factors have the same effect. So it is clear that applying lofted geometry to region i and ii can cause less pressure loss for both two circumstances and will not cause contradictory effects, and the eighth design was adopted as the optimal design finally.
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As for passage III, the idea is quite the same as that used for the passage I, but the difference is the 3D curve which is used as a mean of smooth transition.
Based on the analysis above, the performance for the three newly designed channel in the whole range of flow rate was compared and the result is given in Figure 20 . Here, the nondimensioned pressure drop ΔPn is obtained by dividing the pressure drop using ρv 2 /2, in which ρ is the density of the fluid and v is the velocity at the maximum flow rate over reference flow area at the inlet. The flow rate is transferred to dimensionless one by q/Q, where Q is the maximum flow rate of 25 L/min. The improvement is obvious, and the largest pressure reduction can reach up to more than 90% in Lo-110/E. It is followed by a smooth 3D curve with 40.8%, and the next is Lo-110/C and C-1/1.5 with 38.7% and 23.1% respectively. Even Lo-110/E has the best improvement performance, we do not think the Lo-110/E can work in practice, this is because this may lead to cavitation and cause damage to other components. However, it cannot be denied that the novel design can reduce pressure drop effectively. 
Experimental Validation
Based on the optimization, three optimal channels are adopted and a novel manifold was printed using AM technology. Shown in Figure 21 , the lightweight design is applied and the channels are extracted as the pipe net. Compared to a bulk one, more than 70% reduction in the volume is achieved in the manifold. However, to build the tortuous channels using AM technology can be challenging As for passage III, the idea is quite the same as that used for the passage I, but the difference is the 3D curve which is used as a mean of smooth transition.
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Based on the optimization, three optimal channels are adopted and a novel manifold was printed using AM technology. Shown in Figure 21 , the lightweight design is applied and the channels are extracted as the pipe net. Compared to a bulk one, more than 70% reduction in the volume is achieved in the manifold. However, to build the tortuous channels using AM technology can be challenging because of the difficulties in postprocessing, especially for the manifolds in which feature size is larger than 10 mm. Among various AM technologies, stereolithography (SLA) is the most suitable one to produce the design as it can print high-quality parts without the support structures, and was adopted in this article. However, this printed manifold is for testing only and cannot be directly used in industrial practice because of its inferior mechanical property, compared with conventional materials usually used like steel or aluminum.
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Energies 2019, 12, x 17 of 21 because of the difficulties in postprocessing, especially for the manifolds in which feature size is larger than 10 mm. Among various AM technologies, stereolithography (SLA) is the most suitable one to produce the design as it can print high-quality parts without the support structures, and was adopted in this article. However, this printed manifold is for testing only and cannot be directly used in industrial practice because of its inferior mechanical property, compared with conventional materials usually used like steel or aluminum. The novel manifold and the traditional one are tested on the experiment rig and the results are given in Figure 22 . Out of our expectation, the maximum flow rate here is only 20 L/min because of the mechanical property of the SLA manifold. However, the result shows the consistent trend with the simulation that passage II has a lower pressure drop compared to the passage I and III. Under the expansion condition, the pressure drop is quite stable and goes down slowly while the pressure drop rises as the flow rate increases under contraction condition. This corresponds well with the characteristic of the lofted channel. The other two novel channels also show distinct improvements when compared to the traditional ones. At a small flow rate, all channels show quite a small difference. This may be caused by the fact that the flow state is quite stable and the turbulence is not so acute at the low fluid velocity. As the flow rate increases, the turbulence gets tenser and the pressure drop increases. The figures tell that the large energy consuming and pressure loss are much alleviated using optimized channels, and the actual improvement can reach up to 55.2%. 
Conclusions
This work has mainly concentrated on the pressure loss in manifolds and proposed three novel passages with the aim of reducing the pressure loss which has not been explored in previous work. Combining experiments and simulations, the typical passages in traditional hydraulic manifolds are investigated. The abrupt changes in flow direction and effective flow area are the main reasons causing much pressure decline and energy dissipation. The intersection type mainly has effects on local pressure drop while the velocity changes account much for the friction loss. The intersection of two passages with different diameters has the least pressure loss but also has the risk of cavitation in expansion at a large flow rate, and some effective means are still needed.
To improve the energy efficiency of the manifold, the passages particularly applicable in AM technology are designed. The results have proved the potential of novel design to reduce pressure loss and energy consuming using AM technology. The pressure reduction can reach up to 55.2% in 3D smooth channels at the flow rate of~20 L/min. But the effect that surface roughness has on the pressure drop is inadequately discussed here because the limited manufacturing and postprocessing abilities make it hard to measure and control surface roughness of the inner surface. This problem should be discussed with further investigations. However, some basic rules may also be concluded from the research:
1.
A smooth transition is encouraged to replace sharp 90 • bends, but the minimal curvature should be noticed to prevent the reduction of effective flow area.
2.
Intersection out of a plane should be avoided. For offset intersection, the offset distance is supposed to be as small as possible, and the proper smooth passage is quite good to reduce pressure drop.
3.
A moderate expansion in the channel is helpful to reduce the pressure loss but the ratio should be chosen carefully in avoid of cavitation. 4.
3D printing is a promising technology in hydraulic components manufacturing. By means of the AM, the novel design that cannot be achieved by traditional manufacturing is realized and the improvement of energy saving performance can be guaranteed.
Though the optimization is based on a manifold, it may hopefully be useful and provide some basic understanding when designing internal channels using 3D printing in other fields.
